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Mechanisms of Salt Transport in the Han River Estuary, Gyeonggi Bay
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Abstract : A 3-D hydrodynamic model is applied in the Han River Estuary system, Gyeonggi Bay, to understand
the mechanisms of salt transport. The model run is conducted for 245 days (January 20 to September 20, 2020),
including dry and wet seasons. The reproducibility of the model about variation of current velocity and salinity is
validated by comparing model results with observation data. The salt transport (Fy) is calculated for the northern
and southern part of Yeomha channel where salt exchange is active. To analyze the mechanisms of salt transport,
Fj is decomposed into three components, i.e. advective salt transport derived from river flow (Q,S,), diffusive salt
transport due to lateral and vertical shear velocity (F), and tidal oscillatory salt transport due to phase lag between
current velocity and salinity (F;). According to the monthly average salt transport, the salt in both dry and wet
seasons enters through the southern channel of Ganghwa-do by F;: On the other hand, the salt exits through the
eastern channel of Yeongjong-do by Q. The salt at Han River Estuary enters towards the upper Han River by F'r
in dry season, whereas that exits to the open sea by O.S, in wet season. As a result, mechanisms of salt transport in
the Han River Estuary depend on the interaction between Q,S, causing transport to open sea and [ causing trans-
port to the upper Han River.

Keywords : salt transport, Han River estuary, river flow, decomposition method
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Fig. 1. A grid system for Gyeonggi Bay (a), analysis area Al (b) and A2 (c), showing eight tide stations ST1-ST8 from KHOA (red circles),
eight stations W1-WS8 for salinity data from KOEM (green squares), and mooring station M-YJ (sky blue x).
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Fig. 2. Monthly average river discharge from 2010 to 2019.
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Table 1. Setup details for current velocity and salinity observations

Instruments Setup values Winter Summer
Bin size (m) 0.50 0.50
Ping interval (sec) 0.50 0.50
ADCP Burst interval (min) 10 10
Blanking depth (m) 0.20 0.20
Deployment depth (m) 0.47 0.47
Surface Samﬂ;l)l;n% 1ntervz;l (min) 140 31(;
CTD epi ‘e o'w surface (.m) .
Bottom Sampling interval (min) 10 10

Deployment depth (m) 0.27 0.27
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Fig. 3. Depth distribution of Gyeonggy Bay (a), analysis area Al (b) and A2 (c), showing three river node (navy-blue dotted line), and sea-
ward open boundary (black solid line).
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Table 2. Model validation for tide-level, along-channel velocity and salinity

. . Location Observation Data .
Seasons Variables Station (Latitude/Longitude) periods resource ME MAE  Skill
37°43'54.98"N \
ST1 126°3119.92"E 1.34 2352 0.99
37°32'44.02"N
ST2 126°3573.84"F 1.47 21.10  0.99
37°27'6.98'N
ST3 126°35%31.92"F 1.41 20.14  0.99
ST4 37 200 17.02 ,N 1.46 19.67  0.99
Tide-level 126'359.96"E 1/20~3/20
. KHOA
(em) STS 3T5.19'N in 2020 1.52 18.69  0.99
) 126°3741.16"E ’ ’ ’
Winter 37°0727.00'N
ST6 126°2110.08"E 1.71 1795  0.99
37°14'19.00"N
ST7 1262542 96"E. 1.65 1841  0.99
37°11'42.60"N
ST8 12595946 80"E 1.76 18.89  0.99
Along-channel  Surface ADCP -2.33 10.62  0.99
velocity (cm/s)  Bottom 2/04~3/17  (Signature1000)  —-3.90 927 099
Salinity Surface in 2020 CTD 0.94 094 0.87
(psu) Bottom 37°32727.60"N (RBR-concerto) 0.67 0.69 0.88
M-YJ o 11 "
Along-channel  Surface 126°34'57.68"E ADCP 2577 2867 095
velocity (cm/s)  Bottom 8/22~9/21 (Signature1000) -10.99 1825 0.97
Summer !
Salinity Surface in 2020 CTD 0.01 098 098
(psu) Bottom (XR-420) 1.39 147 090
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Fig. 6. Scatter plot for model-data comparison of current velocity at the surface and bottom layer at station M-YJ.

(a)

Tide level (MSL, m)
W & N O N & O

o,

g
o
T
1

Qn (103 X m’/s)
. T
|

o

T T T T T T T

zk(c) Surface | , 5 |
il

Along-channel
velocity (m/s)

«g:g.iiyl-.;ég
!'Iiii!:ns-lilhizizn11::.

8.4 A
inni tui!

TR

Along-channel
velocity (m/s)

Salinity (psu)

18 I I I ! 1 I

* () Bottom

ARAL R

30},

26

Salinity (psu)

18 | I I L L L L I L

Days in 2020

Fig. 7. Comparison of time series data between model and observation data during days 33-78 in 2020: (a) tide level at Yeongjong-bridge
tide station, (b) daily river discharge from a Han River, (c, d) along-channel velocity at the surface and bottom layer at M-YJ, and
(e, f) salinity at the surface and bottom layer at M-Y]J.



20 ol - AFs - AA

o
o
ok
ne

o
i
ot

4

Tide level (MSL, m)
ue & N O N & O

Qr (10% x m¥s)

| X Data —— Model ‘

(ci Surface

THLLERRARS

Along-channel
velocity (m/s)
o

'
=

2 |

TEEEERE BRI
”' Hig’f?%”*“”*”HH”!H”’”';;;.;f? Hf”i”“!

T x T T

5 Pddf
FFELPRRTREE R

i ¥

2 T
(df Bottom

Along-channel
velocity (m/s)
o

'
=

o) 1 1

“‘!iii!lii,,nnii,iiniiiiiiiii““gznnnnuuiiéléE““
"'Egigii:i 11t i!g§¥?f!!i§§:;!"

I T T

¥ % £

;!];!!

TR

(ei Surface ‘

Salinity (psu)
&

ol 1 L L

24

Salinity (psu)
=
(-]
T

I | |

235 240 245

250 255 260 265

Days in 2020

Fig. 8. Comparison of time series data between model and observation data during days 234-265 in 2020: (a) tide level at Yeongjong-bridge
tide station, (b) daily river discharge from a Han River, (c, d) along-channel velocity at the surface and bottom layer at M-YJ, and

(e, f) salinity at the surface and bottom layer at M-Y]J.

< TR ok kRt Sk ekl tigk osty) weo]
%=7] wEoll(Lerczak et al., 2006), T3+ ] (Principal
Component Analysis, PCA)S S3f H3kst =2 wheko] &
Z7(Along-channel velocity)2] AlA|Gef thsl 2 2lo] A&/
= AESIA

U5 AR Bd Aue] ¢ ek gt 15 9 A
o] % AlAIES A (Figs. 7c and d)2} 3HAI(Figs. 8c and
dye] 717kl dhali A nlwskich 2 o] f550] 15 Rhaef
A v tix2-axl] WEde Akl Ad R ME
T —25.77~-2.33 em/s®] W 9101, MAEE 9.27~28.67 cm/s
o] W 9o|th(Table 2). FA S} 3HAl B 0.95 o] &

Skillo] AIAFE AT},

43 H&

A3z o AH M-YI(Fig. 1o)X CTDE Fal 43+
At Azl 2l Aol G A AIE-E 5 A (Figs. 7e and
)9} 3HA|(Figs. 8e and £)°] 71ztell a4 vlwstdct. ME
= 0.01~1.39 psul] WO, MAETE 0.69~1.47 psu®] H1<]
O]Q(Table 2). & dlo oﬂ H o] 3",_]% ;(]-_,ELoﬂ/q L]—E]—L]——L—‘— %1—1_
G20 HEAs A Adsisi o, sA1g) shAl &

0.87 o17<] =2 Skille] AFEH AT B Fd 7 E‘M%
S HZF 717kelA 2k 160~490 m*/sO] ™ (Fig. 7b), 4 7
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= 717relA 2k 600~4600 m*/s°]TH(Fig. 8b). FAlol that A AlFeR= S0 2 RE] 2010~20194 7]712] 2
= Age v Auke] fdE-e 7k7t 24-30, 25~30 psull H 4, 54, 8gof tfst
9ol Aol 24 4-25, 3~25 psu] Hgjo|t) mele] T 870 ARl thaiA 3 TH(W1-W8 in Fig. 1). 3l

EF 9 A% FHA G ARE

Qito] #= Amold Uehhs B fUZ0) o3 G 9 QR Aai v Rkt 1818 Al skl 7
ARA AEYS FAP A e, A 109 B2 29, 59, 89 Aol vlg EA Fake

FA1C] LN tiz7] 21719} A AFelA] 2 Aot Box plot® & Jﬂio}(}igtﬁ, Z} A7 o] 8HD¥6]»‘: meo] o
o)1 i Ao] ¥|9ith 2l Ante] v A5o] WA B Anel v w sk chFig. 9). 20201 2° 54, 88 il
o] ¥= Az 8} FAFHA A7) fl8tod, T a3l Sk ] ARl R At x}#q &MJ =
o At 4 Akt dasith s, 51 gl 9 2 g re] 9 el b= e
A7k Bt B oM et 4 AR 50l Al
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Fig. 9. Model-data comparison for spatial variation of salinity in W1-W8 at the (a) surface layer and (b) bottom layer. The box plots show
the statistical analysis of salinity data over 10-year in February, May and August, respectively. The red dots indicate monthly averaged
model data for salinity in February, May and August in 2020, respectively.
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Fig. 10. Residual volume transport O and salt transport /5 at L1-L6: (a) daily river discharge, (b, ¢) O and F through L1, L2 and L3, (d,
e) Orand F through L4, L5 and L6. Positive and negative values in (b), (c), (d) and (e) indicate the landward (e.g., Han River) and

seaward (e.g., open sea) transport, respectively.
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E=7] 7]17H(Wet season; days 200~260)° 2 &% Uh(Fig.
10a). 2 °] 1.°] 7|3k F<F L1-L6 THHelx 2] 99} Fo
AMAGE A7)0k 2712 717kl thsl HEste] AATsE
CHFigs. 10b, ¢, d and e). 5710 A1%}F A2 A9 25 Q,
o} Fg= 3l tiz-ax0] Wg/do] vepdth, yide|, &
F719] Zst S Fd%E 08 FOl vlz-axe] WEde
AP AIZICE mebs], A7 09 Fol & TF e tx-
238 W B4 gJste] AAdd Floln, 57719 &
TS ST FAZY A7l dste] AujE Zloltt.
08} Fol = el tigh viAYUSS 49517 flsted,
05} Fae B 7o) 718 w2 20201 4€ 119~5¢
119 9] 71ZHLow discharge, LD; days 102~132)} &=
ol 7 =2 2020 7€ 284~84Y 279 9] 717H(High
discharge, HD; days 210~240)°1 o3l Z+2} 304 A|7F-E 4
SO, and Fy in Fig. 11). LDS} HD 7I3F E5 Al
Ao e] A wEe tiy-E L17 L2E F3l 2Aysict

Of

filo

LD 713t &<t L1elA <] Q3= -280.7 m’/so] W, L2} L3l
Ao O, 7H7F —241.3, -39.4 m’/s©] ThFig. 11a). HD 7]
ZFEQk L1ol1A 9] 0, —9628.5 m¥/so] ™, L29} L34 9]
O, 717} —8033.6, —1594.9 m*/s°|th(Fig. 11b). LI, L2,
L3 ti3t 0,5 HI&E B, LIS 58 Al X9o=
FE AL L23 L3E Sl Har A 0w 2 85%, 15%
7} 29t} o= LISERE Y9 A2E] °F 77%7F L2
2 FE5H, oF 23%7} L3Z 90kl AlASE Park et al.
(2002)8] Ao} AR A 3ks VrERTE L1 L2+ o
o] w8 28] wake) 9,7} 7bg wom, ArjH o o
4 Qo2 RE ] B fell diaiA 7R dEs A

LDS} HD 717F 5% A2 Aol 2] A4 w3k =2 L4
g} LeellA A3ttt LD 7]17F E<k LaellA 9] 0,4 -39.4
m’/so]™, L59} L6914 2] O = 747} 14.8, -54.2 m’/so]Th
(Fig. 11a). HD 713t &<t L4clM 9] O 4= ~1594.9 m/s©]
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Fig. 11. Monthly-averaged Q,( Qf) and monthly-averaged F (I?S) at L1~L6 during (a) dry season and (b) wet season. Positive and negative
values indicate the landward (e.g., Han River) and seaward (e.g., open sea) transport in O, and Fy, respectively.
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o, 159} Lokl O, Z7F -105.8, 14891 mYsolth  thEo® 97 ol X o wRE o] v frilel thaiA ¢
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H&2 ¥ A4 L6E Tl &5 559, HD 713t T4 128} L5t 129} LSS B3t Fo 712 4909,
Lol L4Z B A2 X ow 99 AL L59) LS & 1575.2 kg/se |9 (Fig. 11¢), ©15 ¥ 82 9 =l o

rulo UXL

a 22 7%, 93%2) H| &2 FEET o) L4 RE FY sk u)& 2 ks L28}F LsolA 242 3%, 97%S 2FA] &
w AR gt Les B3l FE8S vleh, A2 A o} ol i) o] LsE Fl 4 e E AYES ¢
o A L4g} L6 Ato]e] =27} L5l nldl 2 2= 28 njgith LD 713F 5]t 4 bR Y€ 9 Lo= Sall
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Fig. 12. Mechanisms of salt transport at L1, L2 and L3: (a) Tide level at Yeongjong-bridge tide station, (b) daily river discharge, (c-e) salt
transport F and its three components O, F; and F; through L1, L2 and L3, (f) volume transport Oy through L1, L2 and L3, (g)
cross-sectional average salinity S, in L1, L2 and L3. Positive and negative values in (c), (d), (e) and (f) indicate the landward (e.g.,
Han River) and seaward (e.g., open sea) transport, respectively.
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23k} HD 717F B9t 37 a2 5908 92 129} Lo=
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~2.0 x 10°~1.3 x 10" kg/s®] HHI=Z Wlab, ot o)al] W
0 2 &F3HH(Figs. 12¢, d and e). T2 L1¥} L25 E3)
O/t HAs= A1 A1) 53¢l &J ki (Fig. 12f), £l8f
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T e Qe W] oF Al nlsl oF 206 o)
7 A ZICKFig. 126). SHARE, B2] She glitel] oJ&tod, s,
7} 0.1 psu ©181744] #H2:8F7] Wl (Fig. 12g), R13} R2A|
719l 08, Fp, Fr B Fa= 27710l vlsl 543] 7t

weEbA], B 50 L9 7k Al XYM E s B
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skb, Fi= ZH2E 03 x10°~1.9 x 10°, 0.2 x 10°~2.3 x 10°,
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e). A2 XM 2] Faz Al A3 fARSH tiz7]of 73}
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o] 7k . A7 F s AL Wsol floH, Fell A
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-2.2x10° m¥/s7HA] 7Aaste] FEleh Waks HolA|ut, L5
2] 0= A2F Q1 Ao oJale] ZA| 1hAElH] =TH(Fig.
13f). B9 e 7L 14, LS, L6oIA 9 5,5 224
o)A 2z} 1, 16, 21 psu ©)817HA] 271 KFig. 13g).
SHAINE, Al A3} 2ol S7F 0.1 psu 0] 8k A &E= T
2 YRR ekt R17F R2 Al7]of Z71 ol&l ke o,
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A Ao 9] F,5 F7FAZITE R19] 73 D fd &kl 9
a L4, L5, L6°1 2 Fi= 22t Al 6.8 x 10°, 8.4 x 107,
1.9 x 10* kg/s7H4] Z7HETH(Figs. 13c¢, d and e). THEkA], &
71 &< A2 Aol X 2] 08,9k Fro] WES Fo] WEel
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Fig. 13. Mechanisms of salt transport at L4, L5 and L6: (a) Tide level at Yeongjong-bridge tide station, (b) daily river discharge, (c-e) salt
transport F and its three components O, F; and F; through L4, L5 and L6, (f) volume transport Oy through L4, L5 and L6, (g)
cross-sectional average salinity S, in L4, L5 and L6. Positive and negative values in (c), (d), (e) and (f) indicate the landward (e.g.,
Han River) and seaward (e.g., open sea) transport, respectively.

oJo]H(Fig. 13e), O]i= I AT 9 752 74240 F2 71tk R1A719] 243t 452 250 A5 5 Z°l(Auy)
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Fig. 14. Subtidal estuarine exchange flow u,, and salinity S, in L6. Positive and negative values in (a) indicate the landward (e.g., Han River)

and seaward (e.g., open sea) flow, respectively.

s} HD 7]7rell W&k LI~L6] Fg, O/S,, Fy, Fr 5 =
JH R BASITHFig. 15). ZF ol 2Eze] sldshes 5
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Fig. 15. A time-averaged F for 30 days and its three components 0:So, F, and F, at L1-L6 during dry season and wet season. Positive
and negative values indicate the landward (e.g., Han River) and seaward (e.g., open sea) transport, respectively.
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Table 3. Results for a time-averaged F for 30 days and its three components Q_fSo, F, and F, suggested in Fig. 15

Lines
Season Variables
L1 L2 L3 L4 L5 L6
I?S 811.3 499 761.4 761.4 1575.2 —813.8
0.5, -2101.3 —3665.8 —439.8 —358.7 744 —1525.7
Dry season —
Fy 277.3 35.7 92.3 196.6 208.4 162
1?»,- 2635.3 3680 1108.9 923.5 1292.4 549.9
I?S -635.1 -323.6 -311.5 -311.5 3775.1 —4086.6
Q_fS0 -700.5 —1240.6 —508.1 —4586 —2459.5 -23038.2
Wet season —
Fy 6.5 185.3 8.7 361.5 837 122379
I~TT 58.9 731.7 187.9 3913 5397.6 6713.7

Fy 7} A8, 57 322 9lafi el 717 A9 L6y 257]
o} F57) BT 0,5, 98kl 918 W] Fy 7t Ayt
AnH oz, 159 LeolM el Fyt 457181 S57)¢) 75
glol 2+ s wak, ole) wakow wagsl= Whd, Li~L4
N9 Fgi= A7l 37 Wk, S270) fls) wekow
sagato] Sg A4 4el Mgl Yeht,

6.4d =

O3} 342 7|9 87 sl A o o] tlgk Al
AR MBS BAEY) 94 9% SRS 48319
o} 5% 9 AR Wl ek nulo] QAN AES)
3 B Amel mE Ao H|wE Falo] nd HAES 5
a1}, 37 517 FQ 67 WHS AFsle] & ko]
gt WAYES 2459

A7 87 shpellae] o] &= ke 2T B &
9le] Az Ao olsle] ARALE P 5909 4717} kst

o
>

=
A7l Foll ddl 2P g e s ek A 50l
FAEH, g el AZI7E AR Sl 08l <14l
ofel] oz Fohs A FFol AR s, A9 %)l
S0l SJsto] T2l o] A2 Ls= 2718k F71¢]
T 9l AT BEY o aES A= Frh
at7] wiitel Slal e A5H 0= o] FlEH, e
ol 7HE w2 Lo A=r719k S57719) 72 flo] el
F A FFs WA= oSt k] wiEel A|EA L
7 o] ofell® etk deA o, g9 T B
elef e 7 sk Fus A v L5E Sl
FEHM, Leg dll 2 fEE Li~L4olA 2] o 5
S Aol 7 A oR sk, 7] 9ls]
JEOo = WA

=z
7=

oL

A AR A7 S sk elA el B4 ol
o pge stotal] SIa AT L AX FEFe] vhat
A& Saagiey. S, £ AT o FESS el A
R B 015 W AT W A £E P o)
2 WL Ve webd, Beeel sl o] Bursh

AL =

O] vt 2020 % AT A RHEAIT)Y] Aldew
ARFA7]1 571 XS whol S=a% A15-9)(2020-0-
01389, 1A 55 AT AE A A (QIstt) g ). o] =&
2021 AR Ao skatsl =5l ¢
< ol FaE ATAE IV IHE).
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